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INTRODUCTION
The cytidines (C) of some transcripts in higher plant organelles are converted to uridines (U) in post-transcriptional processing called RNA editing. Most RNA editing events occur at the first or second positions of codons, resulting in the generation of initiation and termination codons or amino acid alterations (Takenaka et al., 2013) . In Arabidopsis, 43 plastid sites and 619 mitochondrial sites have been reported to be edited Ruwe et al., 2013) . The editing sites in plastids are distributed among 24 different transcripts. Almost half of these sites (19 of 43) are in transcripts encoding the subunits of the NADH dehydrogenase complex (Ruwe et al., 2013) .
A multitude of nuclear-encoded factors has been reported to be essential for RNA editing in plant organelles. Most of these factors belong to the pentatricopeptide repeat (PPR) family. PPR proteins represent a large family of RNA-binding proteins, with more than 400 members in Arabidopsis thaliana and 600 in rice (SchmitzLinneweber and Small, 2008) . The family is divided into P and PLS subfamilies based on characterization of the tandem arrays of the motif (Small and Peeters, 2000; Lurin et al., 2004; Andr es et al., 2007; Schmitz-Linneweber and Small, 2008) . Most of the PLS subfamily proteins are further extended at their C-termini by an E domain followed in about half of the time by a DYW region (Lurin et al., 2004) . Crystal structure analysis has shown that the PPR motif configures as two anti-parallel alpha-helices, with successive PPR domains forming an extended superhelix surrounding a central groove that functions in RNA binding Ke et al., 2013; Yin et al., 2013; Gully et al., 2015) . The E region has been suggested to be a protein-protein interaction motif (Shikanai, 2006; Okuda et al., 2007; Ramos-Vega et al., 2015) . The DYW domain includes a highly conserved zinc binding motif (HxE(x) n PCxxC) that shares residue similarities with cytidine deaminases (Salone et al., 2007) , which suggests that it may have certain catalytic activity. Recently, the PPR proteins ELI1, DOT4 and DYW1 were confirmed to bind zinc ions (Hayes et al., 2013; Boussardon et al., 2014) . Wagoner et al. (2015) reported that the deaminase residues of QED1 and RARE1 are absolutely required for editing. Nevertheless, attempts to detect deaminase activity in any recombinant DYW proteins have failed thus far (Nakamura and Sugita, 2008; Okuda et al., 2009) .
Several other types of proteins are required for RNA editing. The most prominent are the family of the multiple organellar RNA editing factors (MORFs)/RNA editing interacting proteins (RIPs), which belong to a nine-member family (Bentolila et al., 2012; Takenaka et al., 2012) . Of these family members, MORF2 and MORF9 are targeted to plastids, whereas MORF5 and MORF8/RIP1 are dual targeted to plastids and mitochondria. The remaining members are targeted to mitochondria. MORF proteins selectively interact with PPR proteins and widely affect RNA editing sites (Bentolila et al., 2012; Takenaka et al., 2012; Zhang et al., 2014 ). An RNA recognition motif (RRM)-containing family has been reported to be involved in RNA editing in plant organelles. The founding member of this protein family, ORRM1, has a sequence similar to those of MORF/RIP proteins but contains an additional RRM at the C terminus (Sun et al., 2013) . A mutation in ORRM1 causes an almost complete loss of editing for 12 sites in Arabidopsis (Sun et al., 2013) . In addition to interacting with specific PPR proteins, ORRM1 can interact with MORF2, MORF8/ RIP1 and OZ1 (organelle zinc finger 1) . OZ1 belongs to the RanBP2-type zinc finger protein family and is required for the editing of 30 sites in chloroplast transcripts. Although an interaction between OZ1 and the MORF2/MORF9 was not detected , OZ1 may be associated with MORF proteins by interacting with ORRM1. Protoporphyrinogen IX oxidase 1 (PPO1) is an enzyme involved in chlorophyll biosynthesis. This enzyme was reported to be involved in plastid RNA editing by interacting with MORF proteins (Zhang et al., 2014) . These additional accessory proteins, together with PPR proteins, are believed to form a protein complex called an editosome for RNA editing.
AtECB2/VAC1 encodes a DYW-type PPR-protein in chloroplasts. This protein affects the editing efficiency of seven sites, including accD-794, accD-1568, ndhF-290, ndhG-50, petL-5, rpoA-200 and rpoC1-488 (Yu et al., 2009; Tseng et al., 2010) . In this study, we demonstrated that AtECB2 is directly associated with transcripts for RNA editing. AtECB2 interacts with the chlorophyll biosynthetic enzyme HEMC through its E domain. HEMC is involved in plastid RNA editing at several sites and interacts with the MORF8/RIP1 protein. AtECB2-HEMC-MORFs may form a complex for RNA editing.
RESULTS

AtECB2 is associated with several plastid RNA transcripts
Previous studies have shown that AtECB2 affects the editing efficiency of seven sites in the accD, ndhF, ndhG, petL, rpoA and rpoC1 transcripts (Yu et al., 2009; Tseng et al., 2010) . To understand whether AtECB2 is directly associated with these transcripts, we generated a construct containing the full-length AtECB2 genomic sequence fused with four tandem MYC tags and driven by its native promoter ( Figure 1a ) and transformed this construct into AtECB2/atecb2 plants. Transgenic plants in the atecb2 background with a wild-type-like phenotype were identified in the T2 generation (Figure 1b,c) . Immunoblotting detected a 100-kDa band corresponding to the expected size of the AtECB2 fusion protein, indicating that AtECB2 fused with four tandem MYC proteins was properly expressed in these transgenic plants (Figure 1d ). These results indicated that the tagged AtECB2 was functional in planta. Thus, these plants were used to investigate the association between AtECB2 and the edited transcripts. Crude chloroplast extracts from the transgenic plants were immunoprecipitated using Dynabeads decorated with anti-MYC antibodies (IP+) while, in parallel, material without antibodies was used as a negative control (IPÀ). Total RNA extracted from the immunoprecipitated products was reverse transcribed into cDNA and then used for qRT-PCR. Specific primers covering the seven editing sites were designed. Our results showed that the AtECB-4xMYC precipitate was enriched at the accD-794, ndhF-290, ndhG-50, petL-5 and rpoC1-488 sites (Figure 1e ). These results suggest that AtECB2 is directly associated with the editing sites of these transcripts.
AtECB2 interacts with the HEMC protein
Recent reports suggested that PPR proteins interact with MORF proteins for RNA editing (Bentolila et al., 2012; Zhang et al., 2014; Ramos-Vega et al., 2015) . To identify proteins associated with AtECB2 for RNA editing, we performed a protein co-immunoprecipitation (Co-IP) experiment with MYC antibody using the AtECB2-4xMYC transgenic plants. The immunoprecipitated proteins were analysed by mass spectrometry. Approximately 100 chloroplast-targeted proteins, including MORF2 and HEMC, were identified (Table S1 ). MORF2 is involved in the editing of most plastid RNA editing sites (Takenaka et al., 2012; Bentolila et al., 2013) . We then used yeast two-hybrid assays to determine whether AtECB2 interacts with the MORF2 protein. Since the coding sequence of AtECB2 could not be cloned into pGBKT7 or pGADT7, we cloned the PPR domain and the E/E + /DYW domain of AtECB2 into these vectors, respectively. However, yeast two-hybrid assays did not identify any interaction of the PPR and E/E + /DYW domains of AtECB2 with MORF2 ( Figure 2a and Figure S1a ). Many other additional proteins, including MORF5, MORF8/RIP1, MORF9, PPO1 and ORRM1, have been reported to interact with MORF2 (Takenaka et al., 2012; Sun et al., 2013; Zhang et al., 2014) . To understand whether AtECB2 associates with MORF2 by interacting with these proteins, we cloned these genes and performed a yeast two-hybrid assay. Our results indicated that AtECB2 did not interact with these proteins (Figure 2a and Figure S1a ).
Recent work showed that PPO1, protoporphyrinogen IX oxidase 1 in the chlorophyll biosynthetic pathway, was involved in plastid RNA editing (Zhang et al., 2014) . Among the immunoprecipitated proteins, HEMC is a porphobilinogen deaminase involved in this pathway (Lim et al., 1994) . Thus, we performed yeast two-hybrid assays to investigate whether AtECB2 interacts with HEMC. Our results showed that only the E/E + /DYW domain of AtECB2 could interact with HEMC in yeast ( Figure 2b ). We subsequently performed pull-down assays to confirm this interaction. HEMC protein lacking the chloroplast transit peptides was fused to GST, while the E/E + /DYW domain of AtECB2 was fused to an MBP tag. As shown in Figure 2 (c), the recombinant MBP-AtECB2 protein could pull-down GST-HEMC. This interaction was further verified in planta using leaf cell extracts of Nicotiana benthamiana. AtECB2 with a C-terminal GFP epitope tag (AtECB2-GFP) and HEMC with four tandem C-terminal MYC epitope tags (HEMC-4xMYC) were co-transformed into leaves of N. benthamiana following agroinfiltration. Leaf extracts were subsequently immunoprecipitated with anti-MYC antibody. Our results showed that HEMC-4xMYC co-immunoprecipitated with AtECB2-GFP ( Figure 2d ). These results show an interaction between AtECB2 and HEMC in planta. We also performed a series of yeast two-hybrid assays to determine whether the interaction of HEMC with AtECB2 is specific. As shown in Figure S1(b) , HEMC interacted with the PPR-protein OTP85 but not with CRR21 and LPA66, indicating HEMC selectively interacts with PPR proteins.
The E domain of AtECB2 is essential for its interaction with HEMC
The E domain of PPR proteins is believed to be a proteinprotein interaction motif (Shikanai, 2006; Okuda et al., 2007) . Recently, the PPR-protein CLB19 was confirmed to interact with MORF2 through its E domain (Ramos-Vega et al., 2015) . AtECB2 contains 17 PPR motifs and an E/E + and a DYW domain. The yeast two-hybrid assay showed that the non-PPR region of AtECB2, including the E/E + and DYW domains, could interact with HEMC ( Figure 2b ). This non-PPR region was further divided into three segments, E, E + and DYW, for the yeast two-hybrid assay. As shown in Figure 3 (a), our results showed that the E domain of AtECB2 could interact with HEMC, while neither the E + domain nor the DYW domain could interact with HEMC. These findings suggest that AtECB2 presumably interacts with HEMC through the E domain. E + is a short subdomain and is also considered part of the E domain. To analyse the role of the E domain in AtECB2 function, we made a construct with the genomic sequence of AtECB2 lacking the E/E + domain (AtECB2DE/ E + ) fused with four tandem MYC tags and driven by its own promoter ( Figure 3b ). This construct was introduced into atecb2/+ heterozygous plants. Ten independent transgenic lines with a homozygous atecb2 background were identified. However, these lines displayed albino phenotypes similar to that of atecb2 (Figure 3c ). Immunoblotting with a MYC-specific antibody revealed a band of approximately 90-kDa, corresponding to the size of the truncated AtECB2 protein, which indicated that expression of the truncated AtECB2 protein occurred in the transgenic plants (Figure 3d ). In addition, we analysed the editing efficiency of accD and ndhF transcripts in transgenic plants. Our results showed that the RNA editing efficiency of these sites was not recovered (Figure 3e ). These results demonstrate that the E/E + domain is essential for RNA editing.
Knockdown of HEMC severely impairs seedling growth and light-harvesting complex accumulation
We obtained one T-DNA insertion line, hemc-1 (SALK_021519), from the Arabidopsis Biological Resource Center. Sequence analyses showed that the T-DNA was inserted in the 5 0 UTR of the HEMC gene in this line (Figure 4a) . Heterozygous plants not only displayed a dwarf phenotype with slightly pale-green variegated leaves but also showed necrosis in some sections of the pods (Figure S2a, b) . Homozygous hemc-1 plants exhibited albino cotyledons with no primary true leaves when grown in soil under standard conditions (Figure 4b) . Complementation of the mutant with the full HEMC genomic sequence fused with four tandem MYC tags restored wild-type phenotypes ( Figure 4b and Figure S2a ). RT-PCR analysis showed that very little HEMC transcript was detected in homozygous hemc-1 plants compared with that in wild-type (Figure 4c ). Western blotting detected a 40-kDa band corresponding to the expected size of the HEMC fusion protein, indicating proper expression of the HEMC-4xMYC fusion protein in the complemented transgenic plants ( Figure S2c ). These results indicate that the defect in the HEMC gene is responsible for the phenotype of the hemc-1 mutant.
To understand in detail the defects in the hemc-1 mutant, the expression of plastid genes was analysed by qRT-PCR. When compared with wild-type plants, the expression levels of the psaA, psaB and rbcL genes (PEP-dependent genes) and the rrn16 and atpB genes (PEP-and NEP-dependent genes) were reduced in the hemc-1 mutant by approximately 15-20% (Figure 4d ). In contrast, the transcript levels of the NEP-dependent genes, including rpoA and rpoB, were upregulated by 80 and 20%, respectively (Figure 4d ). The expression of the nuclear-encoded gene Lhcb1 gene was not affected in the mutant (Figure 4d ). We further analysed the contents of proteins encoded by plastidic genes in the hemc-1 mutant. As shown in Figure 4 (e), the amounts of RbcL and ATPB in the hemc-1 mutant were similar to those in wild-type plants, respectively. In contrast, the chlorophyll a/b-binding proteins Lhcb1 and Lhca1 were was co-expressed in Nicotiana benthamiana leaves without (control) or with 35S:AtECB2-GFP. Total protein extracts from N. benthamiana leaves transiently expressing these constructs were immunoprecipitated using protein G fused with anti-MYC monoclonal antibody and detected using anti-GFP monoclonal antibody (Abmart, M20004, 1/2500). absent in hemc-1 (Figure 4e ). Thus, HEMC deficiency primarily impairs the accumulation of chlorophyll and the light-harvesting complex (LHC) proteins, which may also have a secondary effect that impacts plastid gene expression.
Loss of HEMC significantly affects four editing sites in the chloroplast
Previous studies showed that AtECB2 is involved in RNA editing of chloroplast transcripts in Arabidopsis (Yu et al., 2009; Tseng et al., 2010) . We have demonstrated that HEMC directly interacts with AtECB2 (Figure 2) . Thus, we subsequently analysed whether the RNA editing efficiency of chloroplast transcripts was altered in the hemc-1 mutant. Total RNA was isolated from wild-type and hemc-1 plants grown on MS-agar medium containing 2% sucrose and was then reverse transcribed into cDNA. The sequence harbouring the editing sites was amplified from wild-type and hemc-1 mutant plants by PCR using genespecific primer pairs. PCR products were sequenced directly to determine the RNA editing efficiency. Among 34 well-known RNA editing sites in chloroplasts (Tillich et al., 2005; Chateigner-Boutin and Small, 2007) , the RNA editing efficiency of accD-794, ndhF-290, rpoC1-488 and rpl23-89 were significantly altered in the hemc-1 mutant compared with the wild-type plants (Figure 5a ). In addition, the editing of eight other sites, including accD-1568, petL-5, rpoA-200, clpP-559, rps12-(i)-58, ndhB-467, ndhB-586 and ndhD-878, was slightly altered in hemc-1 ( Figure S3 ). The editing efficiency for the remaining sites was not affected ( Figure S4 ). These results showed that the editing of several sites, including accD-794, ndhF-290, rpoC1-488 and rpl23-89, was impaired in hemc-1. To determine whether HEMC is associated with the edited transcripts, an RNA immunoprecipitation analysis was performed using the ProHEMC:HEMC-4xMYC transgenic plants. Our results show that HEMC-4xMYC is enriched in the editing site of the ndhF transcript, while the enrichment of HEMC-4xMYC in other editing sites is not apparent (Figure 5b) . In order to determine whether the altered RNA editing in hemc-1 is due to the general effect by the reduced chlorophyll level, we have investigated plastid RNA editing in another chlorophyll-deficit mutant named chlm-4 (Cao et al., 2010) . Results showed that the RNA editing of nearly all plastid sites was not affected in the chlm-4 mutant ( Figure S5 ), which indirectly indicates that the altered RNA editing may not be caused by the pale-green phenotype of the chlorophyll biosynthetic mutants.
HEMC interacts with the MORF8/RIP1 protein
Because the hemc-1 mutant showed altered RNA editing efficiency for some plastid transcripts, we further investigated the interaction of HEMC with MORF proteins in yeast. Our results showed that HEMC interacted with MORF8/ RIP1, whereas HEMC could not interact with the remaining chloroplast-localized MORFs (MORF2, MORF5 and MORF9). In addition, we investigated whether HEMC interacted with other RNA editing factors, including PPO1 and ORRM1. Our results showed that there was no direct interaction of HEMC with either PPO1 or ORRM1 (Figure 6a) . Furthermore, the interaction between HEMC and MORF8/ RIP1 was verified by protein Co-IP analysis. We generated 35S:HEMC-GFP and 35S:MORF8/RIP1-4xMYC constructs (d) qRT-PCR analysis of the transcript levels of genes in hemc-1, including three PEP-transcribed genes (psaA, psaB and rbcL), three PEP-and NEP-transcribed genes (rrn16, atpB and atpE), two NEP-transcribed genes (rpoA and rpoB) and the nuclear-encoded Lhcb1 gene. (e) Immunoblot analysis of RbcL, ATPB and two components of the light-harvesting complex (LHCA1 and LHCB1). and both were transiently co-expressed in N. benthamiana. Leaf cell extracts were immunoprecipitated with anti-MYC antibody and then subjected to immunological analysis with the anti-GFP antibody. As shown in Figure 6 (b), MORF8/RIP1-4xMYC co-immunoprecipitated with the HEMC-GFP protein using anti-MYC antibody. These results confirm the interaction between HEMC and MORF8/RIP1 in planta.
DISCUSSION
In this study, we demonstrated that HEMC, an enzyme involved in chlorophyll biosynthesis, interacts with AtECB2 for RNA editing in plants.
Enzymes in the chlorophyll biosynthetic pathway and RNA editing
Chlorophyll biosynthesis is a complicated process that involves 15 enzymes and is important for photosynthesis (Beale, 1999) . In this pathway, two enzymes, GUN4 and GUN5, were reported to be involved in retrograde signaling to regulate gene expression (Surpin et al., 2002; Brzezowski et al., 2014) . PPO1 is a protoporphyrinogen IX oxidase that converts protoporphyrinogen IX to protoporphyrin in the chlorophyll biosynthetic pathway. Recently, PPO1 was reported to affect 18 editing sites. This enzyme also interacts with MORF2, MORF8/RIP1 and MORF9 proteins (Zhang et al., 2014) . HEMC is a porphobilinogen deaminase that acts upstream of the chlorophyll biosynthetic pathway. We demonstrated that HEMC affects at least four editing sites (Figure 5a ) and interacts with MORF8/RIP1 and AtECB2 (Figures 2 and 6 ). This finding supports the notion that the enzymes in the chlorophyll biosynthetic pathway are also involved in RNA editing.
AtECB2, HEMC and MORFs may form an editosome for RNA editing PPR proteins were reported to interact with MORF/RIP family proteins for RNA editing (Bentolila et al., 2012; Takenaka et al., 2012; Zhang et al., 2014; Ramos-Vega et al., 2015) . We found that MORF2 co-immunoprecipitated with AtECB2 (Table S1 ), supporting the important role of MORF proteins in RNA editing. However, our yeast two-hybrid experiments did not identify direct interactions between AtECB2 and the chloroplast-localized MORFs/RIPs (Figure 2a) . Instead, AtECB2 was found to interact with HEMC (Figure 2b-d) . Additionally, HEMC was proven to interact with MORF8/RIP1 in vitro and in planta (Figure 6 ). The interaction between MORF8/RIP1 and MORF2 has been previously confirmed (Takenaka et al., 2012) . Thus, HEMC may function as a mediator in the link between AtECB2 and the MORF proteins. Of the seven sites in the atecb2 mutant, the editing of accD-794, ndhF-290 and rpoC1-488 were significantly affected in the hemc-1 mutant (Figure 5a ). In addition, MORF8/RIP1 affects the editing efficiency of accD-794 and rpoC1-488 (Bentolila et al., 2012) . The overlap in the defective editing sites also supports the interaction of these proteins in RNA editing. We propose that the PPR proteins, HEMC and MORF proteins form an editosome that functions in RNA editing of some sites (Figure 7) , although this does not necessarily indicate direct interactions between all the PPR proteins and MORFs. Some other proteins in the editosome may also mediate the associations between PPR proteins and MORFs. Meanwhile, one editing factor may indirectly affect RNA editing sites via its interacting proteins.
The E domain of AtECB2 may play a role in recruiting HEMC to stimulate the enzyme activity of the DYW domain RNA editing in plant organelles requires specific recognition of the editing sites and the deamination of cytosine. The RNA editing sites are presumably recognized by the PPR motifs of PPR proteins. The direct structural data further suggested that the PPR motif could form a superhelical spiral for RNA binding . Recently, Yan et al. (2017) demonstrated that the PPR domain of PLStype PPR proteins increases RNA-binding activity by interacting with MORF9. AtECB2 is a 17 PPR motif-containing PLS-type PPR protein, which affects the editing of seven sites and associates with the transcripts of these sites (Figure 1e) . It is likely that its PPR domains play a role in recognizing and binding the editing sites. A transition from a hydrophilic (Thr) to a hydrophobic (Ile) amino acid located in the 13th PPR motif of AtECB2 most likely disrupts the binding of AtECB2 to target RNA molecules (Cao et al., 2011) . Although we were unable to detect any interaction of the PPR domain of AtECB2 with the reported editing factors in yeast ( Figure S1a ), we could not rule out the possibility that its RNA-binding activity is regulated by these editing factors in vivo. The DYW motif is highly conserved, sharing residue similarities with cytidine deaminases (Salone et al., 2007) . The predicted DYW protein structure is also correlated with the actual or predicted structures of other known deaminases (Iyer et al., 2011) . The DYW domain, therefore, was previously suggested to be a cytidine deaminase. To date, no deaminase activity has been detected in the DYW motif through expression of recombinant PPR-DYW-type editing factors. Nevertheless, similar to cytidine deaminases in other organisms, the DYW domain of PPR proteins includes a highly conserved zinc binding motif (HxE(x)nCxxC). The zinc binding capacity of the DYW domain of several PPR proteins (ELI1, DOT4 and DYW1) was confirmed in vitro (Hayes et al., 2013; Boussardon et al., 2014) . The DYW motif of AtECB2, which contains the conserved HxE(x)nCxxC motif (Yu et al., 2009) , could also bind zinc ions ( Figure S6 ). The detection of a zinc binding domain in the DYW motif supports a catalytic function in C-to-U editing. In addition to the PPR and the DYW domains, AtECB2 contains an E domain. Deletion studies showed that the E domains in PPR proteins CRR4, CRR22, CRR28 and CLB19 are essential for their function (Okuda et al., 2007 (Okuda et al., , 2009 Huang et al., 2013; Ramos-Vega et al., 2015) . In this study, the E domain of AtECB2 mediates its interaction with HEMC. This domain is essential for AtECB2 function in RNA editing (Figure 3 ). In addition, another PPR protein, CLB19 interacts with MORF2/RIP2 through E domain mediation (Ramos-Vega et al., 2015) . This finding supports previous findings that the E domain is a linker that presumably interacts with an unidentified editing factor (Shikanai, 2006; Okuda et al., 2007) . We propose a model of RNA editing in which the PPR protein is the key component of the editosome. Its PPR domain is responsible for editing site recognition and binding. The DYW domain has minimal enzyme activity for editing. The E domain functions to recruit other RNA editing factors to stimulate the enzyme activity required for RNA editing. These RNA editing factors could be other PPR proteins, HEMC, PPO1, or MORFs/RIPs.
EXPERIMENTAL PROCEDURES Plant materials and growth conditions
The Arabidopsis thaliana plants used in this study were in a Col-0 background. The hemc-1 (SALK_021519) mutant was obtained from the Arabidopsis Biological Resource Center. The mutant was screened by PCR genotyping, and its T-DNA insertion sites were verified by sequencing. After sterilization, seeds were sown on vermiculite or Murashige and Skoog (MS) medium containing 2% sucrose and allowed to imbibe for 3 days at 4°C, and plants were grown at 22°C under 16-h light/8-h dark cycles.
Yeast two-hybrid analysis
The coding sequence without transit peptide sequences of MORF2, MORF5, MORF8/RIP1, MORF9, HEMC, PPO1, ORRM1, LPA66 and OTP85 were cloned into the pGADT7 vector. The PPR and E/E + /DYW domain of AtECB2 and CRR21 was cloned into the pGBKT7 vector. Yeast two-hybrid analysis was performed using the Clontech two-hybrid system following a modified version of the manufacturer's instructions (Huang et al., 2013) . The primer sequences are listed in Table S2 .
Analysis of RNA editing
Total RNA was purified using TRIzol Reagent (Life Technologies, http://www.lifetechnologies.com/), and DNase I was treated with an RNeasy kit (Qiagen, http://www.qiagen.com/) following the manufacturer's instructions. First-strand cDNA was synthesized using reverse transcriptase (Invitrogen, https://www.thermofishe r.com/). The RT-PCR products were obtained with specific primers that spanned the editing sites and were then used as templates for sequencing and cloning. The levels of RNA editing were estimated by sequencing 50 independent cDNA clones. The primer sequences are listed in Table S2 .
Protein expression and pull-down experiments
The full-length HEMC lacking the N-terminal transit peptide sequence and the E/E + /DYW region of AtECB2 were cloned into pGEX-4T-1 and pMAL-c5x vectors, respectively. Expression of these proteins was induced with 1 mM IPTG in Escherichia coli strain BL21 (DE3) pLysS for 6 h at 28°C, and the MBP and GST fusion proteins were incubated with 40 ml of glutathione sepharose 4B beads (GE Healthcare, London, UK) for 2 h at 4°C. The beads were then washed with buffer containing 20 mM Tris-HCl, 0.1 mM EDTA, 100 mM NaCl, and 0.2% Triton X-100 (pH 7.4), and the samples were separated by 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and analysed by protein gel blotting using corresponding antibodies including anti-MBP antibody (NEB, E8032S, 1/10 000) and anti-GST antibody (Cwbiotech, CW0084M, 1/2500).
RNA immunoprecipitation
RNA immunoprecipitation (RIP) assay was performed as previously described (Yin et al., 2012) . The Arabidopsis AtECB2-4xMYC and HEMC-4xMYC transgenic plants were used as plant materials for the RIP assay. Primers used in the analysis are listed in Table S2 .
Protein co-immunoprecipitation and mass spectrometry
Appropriate leaves of 21-day-old transgenic plants were homogenized well in 1 ml of ice-cold IP buffer, which consisted of 50 mM HEPES (pH 7.5), 50 mM NaCl, 10 mM EDTA (pH 8.0), 0.2% Triton X-100, 10% glycerol, 1% PVPP and 2 mM DTT. After 1 h of incubation at 4°C, the extract was centrifuged at 13 400 g for 20 min. The supernatant was incubated with 10 ll of anti-MYC antibody (Millipore, CBL434, 1/2500) overnight. Forty microlitres of anti-MYC agarose resin blocked with 1% BSA was added to the supernatant and incubated for 3 h. The resin was washed with washing buffer [50 mM HEPES (pH 7.5), 150 mM NaCl, 10 mM EDTA (pH 8.0), 0.1% Triton X-100 and 10% glycerol]. The immunoprecipitated samples were identified using a capillary LC-ESI-MS/MS in Shanghai Applied Protein Technology.
Protein extraction and immunological analysis
Total proteins from 3-week-old wild-type and ProHEMC:HEMC4xMYC plants was extracted for immunological detection as described previously (Yin et al., 2012) . Proteins were separated by 12% SDS-PAGE. After the proteins were transferred electrophoretically onto PVDF membranes, the membranes were incubated with anti-MYC antibodies. The antibodies were detected using enhanced chemiluminescence (General Electric Company, http:// www.ge.com/) according to the manufacturer's instructions.
Protein purification and zinc analysis
The E/E + /DYW domain of AtECB2 with an MBP fusion tag and MBP protein was expressed in E. coli. Expressed proteins were purified using amylose resin (New England Biolabs, http://interna tional.neb.com), according to the manufacturer's instructions. One milligram of purified protein was washed by dialysis against buffer A [50 mM Tris (pH 8.0) and 250 mM NaCl] at 4°C for 12 h. Purified proteins were then dialyzed overnight against buffer B [50 mM Tris (pH 8.0), 250 mM NaCl and 50 lM ZnCl 2 ] at 4°C. The proteins were then washed with buffer A for 2 h and repeated six times. The purified proteins were dissolved in 1 ml of buffer A and were then boiled for 5 min. After centrifuging for 10 min, the supernatant was used for inductive coupled plasma emission spectrometry (ICP, Varian, VISTAMP-XICP) analysis.
CONFLICT OF INTEREST
The authors declare no conflict of interest.
SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article. Figure S1 . Protein-protein interaction assays. Figure S2 . Lesion phenotype in hemc/+ heterozygous plants. Figure S3 . RNA editing at multiple plastid sites is affected in hemc-1. Figure S4 . Unaffected sites in the hemc-1 mutants. Table S1 . Proteins identified from AtECB2-MYC plants using MS. Table S2 . List of primers used in this study.
